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Microwave index engineering has been investigated in order to properly design slow-wave coplanar 
waveguides suitable for a wide range of applications in microwave, photonics, plasmonics and 
metamaterials. The introduction and optimization of novel capacitive and inductive elements is 
proposed as a design approach to increase the microwave index while keeping the impedance close 
to 50 Ω to ensure the compatibility with external electronic devices. The contribution of inductive and 
capacitive elements and their influence on the performance of the slow-wave coplanar waveguide has 
been systematically analyzed. As a result, a microwave index as high as 11.6 has been experimentally 
demonstrated in a frequency range up to 40 GHz which is, to the best of our knowledge, the largest 
microwave index obtained so far in coplanar waveguides.
Monolithic coplanar waveguides (CPWs) play a key role in integrated devices technology. CPWs can be used 
for many applications due to their planar geometry (both ground and signal are in the same plane) that reduces 
the fabrication complexity and makes them compatible with a large variety of structures and applications. 
Furthermore, CPWs exhibit a very low dispersion, and thus broadband performance, owing to its fundamental 
quasi-TEM propagation mode1,2. Slow-wave CPWs can be viewed as an alternative to regular CPW which allows 
the slowdown of the propagation velocity as well as the electrical length reduction3–5. Therefore, slow-wave CPWs 
are of paramount importance in several fields such as microwaves, photonics, plasmonics and metamaterials. In 
the microwave field, slow-wave CPWs are used to design new compact delay lines6, phase shifters or microwave 
filters7–11 with an important size reduction in comparison with regular CPWs. In plasmonics, slow-wave CPWs 
have been used for designing and modelling new spoof surface plasmon modes12–14. Moreover the management 
of the microwave index as well as the impedance is an essential target in metamaterials15,16 with several applica-
tions like compact multilayer transmission lines, negative and zero order resonator or lens design among oth-
ers16,17. Finally, regarding to the photonic field, slow-wave electro-optic modulators have been reported to reduce 
the drive voltage and footprint18–25. However, slow wave CPWs are required for matching microwave and optical 
indices to avoid a reduction of the electro-optic modulation bandwidth22.
Appropriate tuning of the microwave index of the slow-wave CPW can therefore be beneficial in many fields 
and applications. The majority of works focus on increasing the capacitance of the CPW as the main method 
to enlarge the microwave index9–11,20,23–27. Here, we propose an improved approach to properly design a high 
microwave index in slow-wave CPWs by increasing both capacitance and inductance. In such a way, we are able 
to demonstrate a gradual increase of the microwave index, reaching the highest value reported so far to the best of 
our knowledge. Furthermore, the influence of the capacitive and inductive elements on the impedance, to ensure 
a slow-wave CPW compatible with the standard 50 Ω characteristic impedance, is also considered. The proposed 
slow-wave CPW features broadband performance with a bandwidth extending beyond 40 GHz.
Microwave theory and proposed design approach
To address the design of slow-wave CPWs, it is necessary to lay down the basis of microwave theory. This includes 
basically the transmission line theory to understand the transmission behaviour, and the conformal mapping 
technique to analyze the influence of the different parameters in a CPW. Figure 1(a) shows the equivalent circuit 
of a CPW while Fig. 1(b) depicts the transversal view of the CPW with the key design parameters.
The CPW has an inductive and capacitive behaviour, as can be seen in Fig. 1(a), so that from the transmission 
line theory we can obtain the relationship between the microwave index and the impedance with the capacitance, 
C, and the inductance, L. That relationship is expressed by the following equations2:
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where Zo is the impedance, Nµ is the microwave index, co is the speed of light in vacuum, L is the inductance and 
C is the capacitance. On the other hand, the conformal mapping method links these characteristic parameters of 
the transmission line with the physical parameters of the CPW28,29 like the central strip width or the gap between 
signal and ground planes, shown in Fig. 1(b):
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where K(k) represents a complete elliptic integral of the first kind29, εr is the relative permittivity of the substrate, 
εo is the vacuum permittivity and
=
+
k
W S
1
1 2( / ) (5)0
where W is the gap and S the central strip width of the coplanar waveguide. Therefore, taking into account equa-
tions (1)–(5) is possible to obtain the impedance and the microwave index for a regular CPW of given dimen-
sions. Figure 2 shows the influence of W/S on the impedance and microwave index as well as on the inductance 
and capacitance for a silicon substrate (εr = 11.9).
As can be seen in Fig. 2(a), the impedance increases when W/S increases. However, the microwave index 
remains constant over the whole W/S range because the reduction of the capacitance is balanced by the larger 
inductance (Fig. 2(b)). In previous works10,11,20,23–26, the introduction of periodic capacitive elements (thin fins) 
to the CPW has been proposed to increase the capacitance without decreasing the inductance, which results 
in a microwave index increase and an impedance reduction. This is an effective method but does not take into 
account the inductance as a parameter that may also be exploited for the design. In order to manipulate the 
inductance, the CPW strips can be reduced by using periodic thin slots. The proposed slots allow the inductance 
to be increased while only having a small effect on the capacitance. Therefore, increasing the inductance can be 
Figure 1. (a) Equivalent circuit model and (b) transversal view of a CPW.
Figure 2. (a) Impedance and the microwave index, and (b) capacitance and the inductance as a function of 
W/S obtained by the conformal mapping method.
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combined with approaches based on increasing the capacitance. Such a combination will allow us to reaching 
much higher microwave indices, while keeping the impedance close to 50 Ω.
To design the slow-wave CPW, it is crucial to analyze the thin slots in order to understand their influence on 
the inductance and the capacitance and therefore on the microwave index. The analysis has been carried out using 
the electromagnetic simulation software CST microwave studio. CST is a simulation tool that solves Maxwell 
equations for each point on a 2D or 3D mesh using a finite elements method. The frequency has been fixed at 
20 GHz. Figure 3 shows a top view of the regular and slow-wave CPWs with the parameters to be designed. For 
the regular CPW, S = 15 µm and W = 11 µm so that W/S = 0.73. By properly checking Fig. 2(a), an impedance 
value close to 50 Ω is achieved.
Figure 3(b) depicts the proposed slots to increase the inductance, where w1 and w2 are the length and width 
of the slot. The period of the slots has been previously optimized to 20 µm. The variation of the capacitance and 
inductance as a function of w1 is shown in Fig. 4(a) for w2 = 100 µm. It can be seen that there is an opposite 
behavior between them. The increase of the inductance is higher than the capacitance reduction, resulting in a 
microwave index increment (Fig. 4(b)). However, the increase of the inductance is not constant with w1 so that 
the increase of the microwave index is reduced for larger w1 values. On the other hand, the behavior of the capac-
itance and the inductance with w2 is shown in Fig. 4(c), for w1 = 5 µm. While the inductance increases with w2, 
the capacitance remains constant, which gives rise to higher microwave index with larger w2, as it can be seen in 
Fig. 4(d).
Figure 5(a) shows the impedance as a function of w1 and w2. The corresponding microwave index is depicted 
in Fig. 5(b). It can be seen that larger microwave indices are achieved at the expense of increasing the impedance, 
Figure 3. (a) Top view of a regular CPW and (b) of a slow-wave CPW.
Figure 4. (a) Simulated inductance and capacitance and (b) microwave index as a function of w1 and 
w2 = 100 µm and (c) simulated inductance and capacitance and (d) microwave index as a function of w2 and 
w1 = 5 µm for the slow-wave CPW shown in Fig. 3(b).
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which is in agreement with equation (1) as the inductance increase dominates over the capacitance. Therefore, it 
is clear that the proposed slots act as enhanced inductive elements in the slow-wave CPW. However, to keep the 
impedance close to 50 Ω without reducing the microwave index, the introduction of capacitive elements is also 
required. The capacitance can be increased with the introduction of parallel T-rails, as shown in Fig. 6(a), which 
are periodically repeated along the propagation direction21–24. A novel approach based on a crossed T-rail, as 
depicted in Fig. 6(b), is here also proposed to further increase the capacitance. The induced electric field due to 
the T-rails is represented with blue lines in Fig. 6(a,b).
Parallel T-rails with a length of 18 µm, width of 2 µm and gap of 1 µm have been added on the inductive 
slow-wave CPW with w1 = 5 µm and w2 = 100 µm. The slow-wave CPW is shown in Fig. 6(c) and has been named 
as SW1. The same inductive slow-wave CPW but with the crossed T-rails has also been considered to evaluate 
the difference in capacitance and so the influence on the microwave index. In this case, the CPW is depicted in 
Fig. 6(d) and has been named as SW2. Finally, a slow-wave CPW with a combination of both crossed and parallel 
T-rails, named as SW3 and shown in Fig. 6(e), has also been designed to further improve the capacitance. The 
length and width of the T-rails have been optimized to 16 µm and 4 µm, respectively. Furthermore, the inductive 
performance has been enhanced by changing w1 to 17 µm and w2 to 180 µm. As the capacitance of the slow-wave 
CPW is ruled by the capacitive T-rail elements, the reduction of the capacitance due to the larger w1 is negligible.
Figure 7 shows the simulation results for the different designs of the slow-wave CPWs. SW0 refers to the 
inductive slow-wave CPW shown in Fig. 3(b) with w1 = 5 µm and w2 = 100 µm. The capacitive and inductive 
behavior of the slow-wave CPWs are depicted in Fig. 7(a). The capacitance is gradually improved up to a factor 
of four (from 0.2 to 0.8 nF/m) by the introduction of the capacitive T-rail elements in SW1 and their modifica-
tions in SW2 and SW3. The inductance is approximately constant for SW0, SW1 and SW2, but it increases from 
1.05 to 1.67 µH/m for SW3 due to the changes in the ground slots and the modification of the signal strip. The 
impedance, Fig. 7(b), and microwave index, Fig. 7(c), will be determined by the capacitive and inductive behavior. 
Figure 5. (a) Impedance and (b) microwave index as a function of w1 and w2.
Figure 6. Schematic of (a) parallel and (b) novel crossed T-rails to increase the capacitance of the CPW. The 
blue lines represent the induced electric field due to the T-rails. Slow-wave CPW with (c) parallel T-rails,  
(d) crossed T-rails and (e) a combination of both configurations for improved performance.
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The impedance is decreased to a value close to 50 Ω for the improved designs of the slow-wave CPWs due to the 
larger capacitance with respect to the original design of SW0. The microwave index is also increased for SW1 and 
SW2 due to the larger capacitance but the improvement is much larger for SW3 due to the additional increase of 
Figure 7. (a) Inductance and capacitance, (b) impedance and (c) microwave index for the different designs of 
the slow-wave CPWs obtained by simulations at 20 GHz. (d) Simulated microwave index as a function of the 
frequency.
Figure 8. (a) Simulated and measured microwave index and (b) impedance for SW0 as a function of w2 and 
assuming w1 = 5 µm. An inset with an optical view of the reference CPW and SW0 with w2=100 µm is included. 
Simulated and measured microwave index (c) at 20 GHz for the regular CPW, SW0, SW2 and SW3 and (d) 
as a function of frequency for the regular CPW, SW0 and SW3. The inset in (c) shows an optical view of the 
fabricated SW3.
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the inductance. Thereby, the microwave index is significantly enhanced from 6.9 in SW0 up to 11 in SW3. The 
frequency response has also been simulated and is shown in Fig. 7(d). A constant microwave index and therefore 
wideband operation is achieved due to the low dispersion of the quasi-TEM propagation mode in the slow-wave 
CPW.
Characterization and Conclusions
In order to demonstrate the simulated performance, some of the previously designed slow-wave CPWs have 
been fabricated and characterized. The devices were fabricated on a silicon substrate covered with a 300 nm thick 
SiO2 layer deposited using a plasma enhanced chemical vapor deposition (PECVD) process. The CPWs where 
formed with a lift-off process using TI35E photoresist in an image reversal process. The electrodes consists of 
40 nm Ti, deposited through sputtering and 1000 nm Au, deposited through thermal evaporation. Figure 8 shows 
the obtained measurements results and the comparison with simulations. A multiline method has been applied 
to extract the microwave index from the slow-wave part of the CPW. The method uses a reference CPW (inset of 
Fig. 8(a)) in addition to the slow-wave CPW. A more detailed description can be found elsewhere30,31.
Figure 8(a,b) show the variation of the microwave index and impedance in SW0 for values of w2 varying from 
10 µm to 100 µm, and the regular CPW (Fig. 3(a)), represented at w2=0 µm. It can be seen that there is a good 
agreement with simulations. Figure 8(c) shows the measured microwave index for the regular CPW, SW0, SW2 
and SW3. Also these results are in very good agreement with the simulations. The microwave index is improved 
from 2.36, 3.7 and 6.9 for the regular CPW, SW0 and SW2, respectively, up to 11.6 for SW3. An inset of Fig. 8(c) 
shows an optical image of the fabricated SW3. Additionally, Fig. 8(d) depicts the frequency response measured 
for a range up to 40 GHz.
Table 1 compares the obtained results in terms of microwave index, propagation losses and impedance with 
the values reported in the last two decades for slow-wave CPWs. The microwave index is largely increased for 
SW3 with respect to previous works. Furthermore, though propagation losses increase for SW3 with respect to 
SW0 and the regular CPW, the value remains comparable and even lower than the ones achieved in CPWs with 
an impedance of around 50 Ω.
In summary, we have demonstrated a design approach to increase the microwave index in CPWs. The pro-
posed approach is based on the design of periodically distributed inductive and capacitive elements. A microwave 
index of 4.7 has been achieved by increasing the inductive behavior of the CPW with small slots on the ground 
and signal planes. In addition, the effect on the impedance has also been considered and it has been shown that it 
is possible to achieve high microwave indices while keeping the impedance around 50 Ω. Therefore, through the 
combination of inductive and capacitive elements, a microwave index up to 11.6 has been demonstrated. To the 
best of our knowledge, such value is the largest to date obtained in planar transmission lines.
Data availability. Requests for materials should be addressed to A.R.
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